We evaluated an index of diaphragm efficiency (Effdi), diaphragm power output (Ẇ di) relative to electrical activation, in five healthy adults during tidal breathing at usual end-expiratory lung volume (EELV) and diaphragm length (Ldi ee) and at shorter Ldi ee during hyperinflation with expiratory positive airway pressure (EPAP). Measurements were repeated with an inspiratory threshold (7.5 cmH2O) plus resistive (6.5 cmH2O ⅐ l Ϫ1 ⅐ s) load. Ẇ di was the product of mean inspiratory transdiaphragmatic pressure (⌬Pdimean), diaphragm volume displacement measured fluoroscopically, and 1/inspiratory duration (TI Ϫ1 ). Diaphragm activation, measured with esophageal electrodes, was quantified by computing root-mean-square values (RMSdi). With EPAP, 1) EELV increased [mean r 2 ϭ 0.91 (SD 0.01)]; 2) in four subjects, Ldi ee decreased [mean r 2 ϭ 0.85 (SD 0.07)] and mean Effdi decreased 34% per 10% decrease in Ldi ee (P Ͻ 0.001); and 3) in one subject, gastric pressure at EELV increased two-to threefold, Ldi ee was unchanged or increased, and Effdi increased at two of four levels of EPAP (P Յ 0.006, ANOVA). Inspiratory loading increased Ẇ di (P ϭ 0.003) and RMSdi (P ϭ 0.004) with no change in Effdi (P ϭ 0.63) or its relationship with Ldi ee. Effdi was more accurate in defining changes in Ldi ee [(true positives ϩ true negatives)/total ϭ 0.78 (SD 0.13)] than ⌬Pdimean ⅐ RMSdi Ϫ1 , RMSdi, or ⌬Pdimean ⅐ TI (all Ͻ0.7, P Յ 0.05, without load). Thus Effdi was principally a function of Ldi ee independent of inspiratory loading, behavior consistent with muscle forcelength-velocity properties. We conclude that Effdi, measured during tidal breathing and in the absence of expiratory muscle activity at EELV, is a valid and accurate measure of diaphragm contractile function. in vivo diaphragm length; power output; electromyogram activity; diaphragm contractile function and efficiency; fluoroscopy THE CONTRACTILE FUNCTION OF striated muscle segments, including the diaphragm, is characterized by the instantaneous relationships between force, length, and velocity of shortening (4, 19). The power output of a muscle is the product of force developed and velocity of shortening. The efficiency of a muscle determines the power output achieved for a given rate of oxygen consumption (V O 2 ) and further defines the contractile function of muscle (69). In humans, the diaphragm accounts for a substantial fraction of inspiratory work (44, 45); however, its efficiency is unknown. Measurement of diaphragm efficiency (Eff di ) could be more useful in recognizing and quantifying contractile dysfunction of the diaphragm than measurements of strength or electromechanical effectiveness measured, respectively, by maximum transdiaphragmatic pressure (Pdi; Pdi max ) and the ratio of Pdi to the amount of electrical activity of the diaphragm (3, 31, 53). This hypothesis is suggested by the mechanical behavior of muscle in vitro. First, the mechanical output of a muscle during shortening is defined by its power output and cannot be predicted from maximum force alone (32). Second, during shortening, the power output of a muscle is determined by muscle length and level of activation, decreasing approximately linearly with both length and activation (4, 11, 16, 19, 33) . Third, muscle efficiency relates power output to the energy consumed, including costs of activation and cross-bridge cycling (62, 69) .
THE CONTRACTILE FUNCTION OF striated muscle segments, including the diaphragm, is characterized by the instantaneous relationships between force, length, and velocity of shortening (4, 19) . The power output of a muscle is the product of force developed and velocity of shortening. The efficiency of a muscle determines the power output achieved for a given rate of oxygen consumption (V O 2 ) and further defines the contractile function of muscle (69) . In humans, the diaphragm accounts for a substantial fraction of inspiratory work (44, 45) ; however, its efficiency is unknown. Measurement of diaphragm efficiency (Eff di ) could be more useful in recognizing and quantifying contractile dysfunction of the diaphragm than measurements of strength or electromechanical effectiveness measured, respectively, by maximum transdiaphragmatic pressure (Pdi; Pdi max ) and the ratio of Pdi to the amount of electrical activity of the diaphragm (3, 31, 53) . This hypothesis is suggested by the mechanical behavior of muscle in vitro. First, the mechanical output of a muscle during shortening is defined by its power output and cannot be predicted from maximum force alone (32) . Second, during shortening, the power output of a muscle is determined by muscle length and level of activation, decreasing approximately linearly with both length and activation (4, 11, 16, 19, 33) . Third, muscle efficiency relates power output to the energy consumed, including costs of activation and cross-bridge cycling (62, 69) .
Assessment of the efficiency of the intact human diaphragm (Eff di ) requires breath-by-breath measurement of the inspiratory power output and V O 2 of the diaphragm (V O 2 di ) and, because efficiency and power output relative to activation vary with muscle length (4, 11, 19, 33, 62) , measurement of diaphragm length at end expiration (L di ee ). Power output can be estimated as the product of the average change during inspiration of Pdi (⌬Pdi mean ) and the rate of volume displaced by the diaphragm (⌬Vdi⅐TI Ϫ1 , where ⌬Vdi is the volume displaced by the diaphragm and TI is inspiratory duration). ⌬Vdi has been estimated from motion of the chest wall (2, 17, 44) , change in the length of the diaphragm apposed to the rib cage measured with ultrasound (30) , and from analysis of radiographic images of diaphragm motion (58, 59) . A fluoroscopic method, developed and validated by us (59) , allows breath-bybreath measurement of ⌬Vdi and of L di ee , enabling the effect of diaphragm length on Eff di to be examined. V O 2 di cannot be measured in intact humans. However, studies in dogs (50) and lambs (61) have shown a linear relationship between V O 2 di and the amount of diaphragm electrical activity. Beck et al. (7) (8) (9) (10) and Sinderby et al. (54, 56, 57) have developed and validated methods for accurately quantifying the amount of diaphragm electrical activity using multiple electrodes positioned in the esophagus to span the crural diaphragm. This method controls for diaphragm position (8, 10, 57) and signal contamination (54, 56) ; electrical activity is quantified by the root mean square of the electromyogram (EMG) signals (RMS di ) and is an accurate index of global diaphragm activation (7, 60) . We propose that the inspiratory power output of the diaphragm relative to the amount of electrical activity is an index of Eff di
Interpretation of the proposed measurement of Eff di is complicated by the uncertain relationship between electrical activation and V O 2 of the human diaphragm in vivo and by data showing that the distribution of tension within (13) , and activation of, the diaphragm (14, 22, 26) are inhomogeneous. In addition, factors other than the contractile properties of muscle may affect the efficiency of the intact diaphragm. Principal among these are the geometry and mechanical advantage of the diaphragm and the interaction between the diaphragm and other respiratory muscles. Diaphragm mechanical advantage decreases with hyperinflation (68) tending to decrease power output relative to V O 2 . Contraction of abdominal muscles during expiration and their relaxation during inspiration can increase diaphragm power output (Ẇ di) during subsequent inspiration (2, 45) and could increase efficiency. The purpose of this study was to examine the validity and utility of the proposed measurement of Eff di by comparing, in healthy subjects, measurements obtained during tidal breathing at usual end-expiratory lung volume (EELV) with those obtained at shorter diaphragm lengths during hyperinflation. We hypothesized that any decrease in L di ee with hyperinflation would be associated with a linear decrease in Eff di , consistent with the force-length-velocity properties of muscle. Because the electrical activity of the intact, human gastrocnemius muscle increases proportionately with load at a given velocity of shortening (11), we hypothesized further that measured Eff di would be independent of an inspiratory load, which did not decrease the rate of ⌬Vdi.
METHODS
Five healthy, nonsmoking men were studied. Subjects gave written, informed consent. The Committee for Human Rights, University of Western Australia, approved the study. Figure 1 summarizes the methods of measurement. Esophageal (Pes), gastric (Pg), and mouth pressures and flow were measured, as previously described (27) . Signals were digitally recorded and displayed with computed Pdi (Pdi ϭ Pg Ϫ Pes) and volume change at the mouth (VT) (PowerLab, version 6, ADI Instruments). ⌬Vdi and Ldi ee were measured from lateral fluoroscopic images of the diaphragm and adjacent chest wall stored on videotape and analyzed, as previously described (59) . Radiation exposure was varied to optimize contrast of the diaphragm silhouette and bony landmarks; the cumulative duration of fluoroscopy varied between 7 and 10 min, with radiation exposures up to 2.6 mSv. Images were subsequently digitized by using a monochrome video capture card (National Instruments PCI 1409) and LabVIEW software (National Instruments, version 6 with IMAQ toolbox). Magnification and distortion of images in each subject were defined from images of a grid of precise squares formed by horizontal and vertical radiopaque lines at 1-cm intervals positioned at the same distance from the image intensifier (II) as the right midclavicular line of the subject during fluoroscopy. This distance was measured as the sum of the distances between the II and left chest wall and, from posteroanterior chest X-rays at functional residual capacity (FRC), the thickness of the left lateral chest wall and three-fourths of the internal coronal diameter of the rib cage at the level of the right costophrenic angle. The right midclavicular line was assumed to define the plane of the most cephalad part of the right hemidiaphragm producing the silhouette on fluoroscopy (67) . RMS di was measured with the methods of Beck et al. (7, 8, 10) and Sinderby et al. (54, 56) . Eight stainless steel electrodes 2 mm wide and mounted 1 cm apart on a multicore Silastic catheter, 3.5 mm outer diameter, were arranged as six bipolar pairs by using an overlapping array i.e., 1 vs. 3, 2 vs. 4, 3 vs. 5, 4 vs. 6, 5 vs. 7, and 6 vs. 8 ( Fig. 1) . The catheter was positioned in the esophagus so that the electrically active center of the diaphragm (EAC di) (56) was located at electrode pair 4 vs. 6 at FRC during relaxed tidal breathing. The EAC di was identified as the electrode pair where the EMG signals from the electrode pairs above and below were opposite in polarity (see Fig. 1 ). EMG signals were amplified (Grass Wideband A.C. amplifier, model 17P3C, Quincy, MA), band-pass filtered between 10 and 1,000 Hz, digitized at a sampling rate of 2 kHz, and stored (LAB View Version 6) for subsequent analysis.
Measurements

Protocol
Measurements were performed during tidal breathing at four to five lung volumes, with and without a moderate inspiratory load. Subjects sat erect with the left shoulder as close as possible to the II, with arms elevated and hands resting on the head. The subject was positioned to minimize rotation of the thorax relative to the II and to keep the image Fig. 1 . Diaphragm efficiency was calculated from simultaneous measurement of transdiaphragmatic pressure (Pdi) measured as the pressure difference between gastric (Pg) and esophageal pressures (Pes), diaphragm volume displacement (⌬Vdi) measured using lateral fluoroscopy, duration of inspiration and diaphragm electromyogram (EMG) measured with 6 overlapping bipolar electrode pairs (see inset), mounted on a catheter positioned in the lower esophagus. The EMG was quantified from the root mean square (RMS) of the signals. In the illustration, the electrically active center of the diaphragm is located at the 4th electrode pair. Subjects were seated erect, and measurements were made during tidal breathing at functional residual capacity (FRC) and during hyperinflation induced by expiratory positive airway pressure (EPAP). Measurements were repeated with an inspiratory threshold (7.5 cmH2O) plus resistive (6.5 cmH2O ⅐ l Ϫ1 ⅐ s) load. The displayed image of the lower thorax has a 94°clockwise rotation. See text for details. CF, center frequency. of the dome of the diaphragm and adjacent chest wall within the fluoroscopic field over the volume range FRC to total lung capacity (TLC). Subjects breathed through a pneumotachograph and lowresistance two-way valve. The expiratory port was either open to atmosphere or connected to a positive airway pressure unit (BiPAP S, Respironics). The inspiratory port was either open to atmosphere or connected to an inspiratory threshold valve (7.5 cmH 2O) in series with a resistance (6.5 cmH 2O ⅐ l Ϫ1 ⅐ s). Expiratory positive airway pressure (EPAP) levels were adjusted between measurements to achieve predetermined levels of hyperinflation approximating 25, 50, and 75% of the inspiratory capacity (IC) at FRC. Measurements with fluoroscopy were made during five tidal breaths and an inspiration to TLC initiated from end expiration. Conditions of measurement were randomized. Before each measurement, EMG signals were reviewed to ensure that the EAC di was at the fourth electrode pair. During measurement, subjects were encouraged to relax during expiration; no other instructions were given regarding pattern of breathing. Where the level of hyperinflation achieved differed substantially from the target levels or the data appeared unsatisfactory, the measurements were repeated. Subjects had one to three fully instrumented studies before fluoroscopy to familiarize them with the protocol, define the levels of EPAP required to achieve targeted hyperinflation, and establish the range of movement, with hyperinflation, of the EAC di in relation to electrode pairs.
Data Analysis
For each breath, the TI was measured from the onset of inspiratory flow or of a sustained decrease in Pes to the onset of expiratory flow. The end-expiratory and inspiratory changes (⌬) of Pg, Pes, and Pdi were measured, and ⌬Pdimean and diaphragm pressure-time product per breath (⌬Pdimean ⅐ TI) were computed, taking Pdi at end expiration (Pdiee) as baseline. EELV during EPAP was obtained by subtracting measured IC from the vital capacity (VC) and expressed as a percentage of VC. The fluoroscopic images were digitized, and ⌬Vdi and Ldi ee of each breath were measured by using the methods described previously (58, 59) and an interactive analysis program written in MATLAB (version 6.1.0.450). The first to fifth tidal breath and subsequent inspiration to TLC of each condition of measurement were identified, and the images at end expiration and end inspiration of each breath were superimposed. Any mismatching between these images was corrected by using as landmarks adjacent vertebral bodies and the images of two ball bearings adherent to the posterior chest wall in the midline at the level of the 10th thoracic vertebra. One image was shifted relative to the other until cross-correlation of these markers approximated 1. The images of the dome of the right hemidiaphragm at end expiration and end inspiration, the posterior chest wall, and the anterior border of the spinal column swept by the diaphragm were segmented interactively by using a mouse-controlled cursor to identify multiple points along each of these structures. The anterior and posterior insertions of the diaphragm at end expiration and end inspiration, identified from bony landmarks adjacent to the costophrenic angles at TLC (15), were defined as single points. Each point of the segmented images was corrected for distortion and magnification, applying data obtained from the grid of precise squares. The grid image showed rotational, pin cushion radial, and decentering distortions, which were corrected by using a look-up table comprising the coordinates of all cross points on the grid (52). After correcting for distortion and magnification, the average error per calibration point was 4.3%. Each point used to outline the diaphragm, spine, and chest wall was converted to its correct position in space using the look-up table, the four closest calibration points, and a least squares minimization technique (37) . The points defining each structure were fitted with lines using polynomial expressions. The square of the average error of these fitted lines was typically 0.2 to 1 mm 2 . ⌬Vdi of each inspiration and the lengths of the right hemidiaphragm in the sagittal plane at end expiration and end inspiration were computed from the segmented, reconstructed images by using the methods and equations described previously (59) . The EMG signals of each inspiration were analyzed in the time and frequency domains, as previously described (60), by using the methods of Sinderby et al. (54, 56) . Briefly, the digitized EMG signals of each breath were displayed, and a 300-to 500-ms segment, including the maximum amplitude EMG, but avoiding any period containing an ECG complex, was selected for analysis. Power spectra were evaluated for signal quality, accepting only those data that met the criteria for uncontaminated signals (54) . The EAC di was defined by cross-correlation analysis of the signals from alternate electrode pairs, and the RMS di value was obtained by subtracting the signals above and below the electrical center of the diaphragm (56). This analysis yielded a single value of RMS di and of center frequency for each tidal inspiration. RMSdi was also measured during each inspiration to TLC, and the maximum value (RMSdi max) was the highest value obtained during any inspiration to TLC. RMSdi values were corrected for changes in power spectrum, as may occur with muscle fatigue, using the diaphragm center frequency of each breath and the method of Beck et al. (7) . Ẇ di (⌬Pdi mean ⅐ ⌬Vdi ⅐ TI Ϫ1 ) and Effdi of each breath were calculated.
Statistical Analysis
All variables were normalized by dividing the computed variables of each breath by the mean value of that variable at FRC in each subject. RMS di was also normalized by expressing it as a percentage of the highest value obtained during inspirations to TLC (RMS di %max). Linear regression was used to examine the relationships between 1) EPAP and EELV; 2) normalized Ldi ee and EELV; 3) normalized Ldi ee and normalized Effdi and its components; and 4) normalized Pg at end expiration (Pgee) and normalized Effdi. Multiple linear regression analysis with stepwise elimination was used to determine the relationships between the normalized dependent variables ⌬Vdi and Eff di and the normalized independent variables Ldi ee, Pgee, Pdiee, TI, and VT ⅐ TI Ϫ1 . One-way ANOVA was used to compare Effdi with and without EPAP. The effect of inspiratory loading on the measured and computed variables and on the relationships between Eff di and the independent variables Ldi ee, Pgee, Pdiee, TI, and VT ⅐ TI
Ϫ1
was examined with paired t-tests and multiple regression analysis, respectively. The relative utility of the different measures of diaphragm function, i.e., efficiency, effectiveness, activation, and the pressure-time product, were examined by comparing the degree of association of each with normalized L di ee using Pearson's correlation coefficients and by calculating their accuracy in detecting a change in normalized Ldi ee with hyperinflation. The accuracy of each variable was calculated for each subject separately, as the number of true positives plus true negatives divided by the total number of data points. The accuracy of each variable for the group was taken as the mean of the individual values. All results were analyzed by using SigmaStat statistical software (version 2, SPSS, Chicago, IL) and are reported as means and standard deviations (SD), unless otherwise stated. Significance was defined as P Ͻ 0.05.
RESULTS
Mean age, body mass index, height, VC, and IC of the subjects were 52 yr (SD 10), 26 kg/m 2 (SD 1), 1.78 m (SD 0.05), 4.9 liters (SD 0.5), and 3.1 liters (SD 0.4), respectively.
Hyperinflation Without Load
Volumes and pressures. EELV increased with EPAP in all subjects [mean r 2 ϭ 0.91 (SD 0.01)] (Fig. 2) . Relative to FRC, Pg ee and ⌬Pes increased with EPAP in all subjects (Fig. 3) . Pg ee was greatest in subject 5, increasing two-to threefold at three of four levels of EPAP. Inspiratory ⌬Pg with EPAP was variable; relative to FRC, ⌬Pg changed little in three subjects, decreased in subject 2, and increased twofold in subject 5.
Diaphragm length and volume change. At FRC, mean L di ee was 27.0 cm (SD 2.5) ( Table 1 ). Relative to its length at FRC, L di ee decreased with hyperinflation in four subjects [mean r 2 ϭ 0.85 (SD 0.07)] and did not change in subject 5, despite a 28% increase in EELV (Fig. 4) . Fractional shortening of the diaphragm between FRC and TLC was 0.28 (SD 0.1). ⌬Vdi relative to VT was 55% (SD 14) at FRC and tended to decrease with L di ee , being 35% (SD 12) (n ϭ 4) at the shortest L di ee achieved (P ϭ 0.06). Multiple regression analysis showed that ⌬Vdi was positively correlated with L di ee (P Ͻ 0.001) and TI (P ϭ 0.02) and not correlated with Pdi ee (P ϭ 0.46) or Pg ee (P ϭ 0.14). Where the diaphragm shortened with EPAP (n ϭ 4), ⌬Vdi was positively correlated with L di ee (P ϭ 0.003) and TI (P ϭ 0.001) and negatively correlated with Pg ee (P ϭ 0.006).
EMG. At each condition of measurement, there was at least one and usually two electrode pairs distal to the EAC di . Mean RMS di %max was 15.9% (SD 3.0) at FRC and 66.5% (SD 6.2) at the shortest L di ee (P Ͻ 0.001) ( Table 1) . Where L di ee decreased with hyperinflation, RMS di %max increased (r 2 ϭ 0.44, P Ͻ 0.001).
Efficiency. A total of 126 tidal breaths and 28 inspirations to TLC, distributed between 25 separate conditions of measurement among the five subjects, were imaged. Eighteen breaths could not be analyzed because of loss or distortion of radiographic images (10 breaths), Pes artifact (4 breaths), and/or EMG signal quality (5 breaths). A minimum of three tidal breaths and the inspiration to TLC could be analyzed for each condition of measurement in all subjects. Absolute values of Eff di and its components at FRC and maximum hyperinflation for all subjects are summarized in Table 1 . The relationships between normalized L di ee and normalized ⌬Pdi mean , ⌬Vdi⅐TI Ϫ1 , RMS di , and Eff di are shown for subject 3 in Fig. 5 . In the four subjects in whom L di ee decreased with hyperinflation, diaphragm shortening was associated with an increase in RMS di (P Ͻ 0.001), a decrease in Eff di (P Ͻ 0.001), and no change in Ẇ di and ⌬Vdi⅐TI
Ϫ1
. In subject 5, where L di ee changed Ͻ10% with hyperinflation, there was no significant change in ⌬Pdi mean , ⌬Vdi⅐TI Ϫ1 , RMS di , or Eff di with L di ee . The relationship between normalized L di ee and normalized Eff di for all breaths in all subjects is shown in Fig. 6 . In subject 5, Eff di was highly variable and greater than that at FRC at two of four levels of EPAP, i.e., 6 (P ϭ 0.006) and 13 cmH 2 O (P ϭ 0.003, ANOVA) (Fig. 6 ). Multiple regression analysis (n ϭ 5) showed that normalized Eff di was highly correlated with L di ee (P Ͻ 0.001) and not correlated with Pdi ee (P ϭ 0.204) or Pg ee (P ϭ 0.193). Where L di ee decreased with hyperinflation (n ϭ 4), normalized Eff di was positively correlated with L di ee (P Ͻ 0.001) and Pdi ee (P ϭ 0.01) and negatively correlated with Pg ee (P ϭ 0.002); the latter accounted for ϳ5% of the variance of Eff di .
Hyperinflation with Load
There were 20 conditions of measurement where all data were obtained with and without inspiratory loading, including three to four levels of EPAP in each subject. Considering paired data at each level of EPAP, loading was associated with an increase in ⌬Pdi mean (P Ͻ 0.001), Ẇ di (P ϭ 0.003), and RMS di (P ϭ 0.004). Load had no effect on L di ee (Fig. 4B) , EELV, ⌬Vdi⅐TI Ϫ1 , Pg ee , Pdi ee , or Eff di (Fig. 7B) . The relationships between normalized L di ee and Eff di with and without load are compared in Fig. 7 . There was no difference in the slope or Fig. 3 . Effect of EPAP on end-expiratory Pes (Pesee), peak inspiratory Pes (Pespeak), end-expiratory Pg (Pgee), and peak inspiratory Pg (Pgpeak) during tidal breathing in each subject. Data are means (SD) for each condition of measurement. intercept of the mean regression for all subjects or for the four subjects in whom L di ee decreased with hyperinflation. Multiple regression analysis in the four subjects in whom Eff di decreased with L di ee showed that Eff di was highly correlated with L di ee (P Ͻ 0.001), positively correlated with Pdi ee (P ϭ 0.037), and not correlated with Pg ee (P ϭ 0.27).
Comparison of measures of diaphragm function. See Table  2 . Normalized L di ee was more highly correlated with normalized Eff di than with other measures of diaphragm function, independent of inspiratory loading. Eff di more accurately reflected changes in L di ee than other measures of diaphragm function; however, with inspiratory loading, the differences were not significant due to an increased variance of the measurements.
DISCUSSION
In this study, diaphragm shortening, induced by hyperinflation, and inspiratory loading were used to evaluate a novel, in vivo measure of diaphragm function, the ratio of inspiratory power output to neural activation. This index of Eff di was principally a function of diaphragm length and was independent of a modest inspiratory load. These findings are consistent with the in vitro force-length-velocity and power output-neural activation behavior of muscle (4, 11, 19) and suggest that the measurement reflects the contractile properties of the diaphragm.
Critique of Methods and Assumptions
The efficiency of respiratory muscles is usually measured by relating power output to the rate of respiratory muscle V O 2 (18, 21, 43, 48) . V O 2 di is not measurable in intact humans but is likely to be linearly related to the amount of electrical activity of the diaphragm, independent of diaphragm length. First, in humans, during submaximal rates of positive (miometric) work, electrical activity and V O 2 of the quadriceps muscle are linearly related (12) . Second, in dogs (50) and lambs (61), diaphragm electrical activity increased linearly with V O 2 di over an approximately sixfold increase in V O 2 di . Third, the relationship between V O 2 and maximum isometric tension of vascular smooth muscle is independent of muscle length (47) . Fourth, the V O 2 associated with isotonic contraction of the intact dog gastrocnemius muscle performing maximal work for a short duration is a function of the number of nerve impulses delivered to the muscle (28) . Finally, the diaphragm obtains its energy by oxidative metabolism over a wide range of work outputs (5, 34, 41, 49, 51) .
The amount of diaphragm electrical activity during each inspiration was quantified by using the methods of Beck et al. (7) (8) (9) (10) and Sinderby et al. (54, 56, 57) . These studies are the basis of several assumptions that are central to our analysis of Eff di . Namely, that the RMS di of the crural diaphragm measured with these methods 1) accurately reflects activation of the entire diaphragm (7); 2) is linearly related to diaphragm activation (7); 3) is not subject to artifact related to changes of lung volume (7) or chest wall configuration (9); and 4) minimizes artifact related to changes in the muscle to electrode distance (8, 10) .
The RMS of the crural diaphragm may not accurately define activation of the entire diaphragm because regional activation and shortening of the diaphragm during breathing are not uniform (13, 22, 26, 64, 68) . Furthermore, RMS di is not linear with activation, being proportional to the square root of the number and firing frequency of motor units (7), thus tending to underestimate higher levels of activation. Studies in both dogs and humans suggest that regional activation within individual respiratory muscles is directly proportional to regional mechanical advantage (23, 25, 39, 40) . In the dog, diaphragm mechanical advantage and blood flow are inhomogeneous but Values are means (SD). Ldi ee, diaphragm length at end expiration; FRC, functional residual capacity; EELV, end-expiratory lung volume; ⌬Pdimean, mean inspiratory transdiaphragmatic pressure; ⌬Vdi, volume displaced by diaphragm motion; ⌬Vdi/TI, mean inspiratory flow rate from diaphragm, where TI is inspiratory duration; Power, diaphragm power output; RMSdi%max, electrical activity of the diaphragm as a percent maximum; Effdi, diaphragm efficiency; au, arbitrary units. Significant difference from FRC: *P ϭ 0.01, ‡P ϭ 0.009, †PϽ0.001 (paired t-test).
highly and positively correlated: they differ little between adjacent costal and crural regions, and, with exercise, the regional distribution of blood flow does not change (35) . These findings suggest a direct relationship between crural and global diaphragm EMG that is independent of the level of activation. In humans, the RMS of the crural diaphragm is linearly related to a measure of global activation of the diaphragm, the ratio of Pdi to Pdi max , up to 75% of Pdi max independent of diaphragm length (7) . We have shown that, with hypercapnia in healthy subjects, RMS di increases linearly with end-tidal PCO 2 up to at least 60% RMS di max , suggesting a linear relationship between neural drive to the diaphragm and the RMS of the crural diaphragm (60) . Thus available evidence suggests that the RMS of the crural diaphragm is linearly related to activation of the entire diaphragm, up to ϳ75% maximum. In the present study, all measurements without load and the majority with load were within the range at which RMS di and global diaphragm activation are linearly related (7, 60) . RMS di exceeded 75% of RMS di max during inspiratory loading at the highest level of EPAP in two subjects, potentially underestimating activation and overestimating efficiency. However, in keeping with results at lower levels of EPAP and diaphragm activation, Eff di of these measurements was not different from those without load.
Hyperinflation with EPAP causes an inspiratory threshold load that would have contributed to an increase of RMS di with hyperinflation, independent of diaphragm shortening. However, we found that a moderate inspiratory threshold plus resistive load was associated with approximately proportional changes in Ẇ di and RMS di and was not associated with a change in Eff di or in the relationship between efficiency and diaphragm length. This result is in keeping with the in vivo relationships between force, velocity of shortening, and amount of muscle electrical activity of human gastrocnemius where, at a given muscle length and velocity of shortening, the amount of electrical activity increased proportionately with load (11) . In healthy subjects breathing against resistive loads, respiratory efficiency is constant over a wide range of power outputs (21) , and, in dogs, Eff di is constant with progressive resistive loading (48) . Taken together, these results suggest that, in the intact human diaphragm, inspiratory loading associated with the levels of EPAP used in this study was not responsible for the decrease in measured Eff di with diaphragm shortening.
⌬Vdi was derived as previously described (58, 59); inaccuracy associated with the computer-assisted method of image analysis was small (see METHODS) and did not add significantly to the errors of measurement of L di or ⌬Vdi. Mean ⌬Vdi⅐VT Ϫ1 at FRC and fractional shortening of the diaphragm between FRC and TLC were not different from those in the 10 healthy subjects reported previously (59) . Measured ⌬Vdi does not include the contribution to inspired lung volume resulting from the action of the costal diaphragm in expanding and elevating the rib cage. Although this component of ⌬Vdi is believed to be small (36, 66) , any effect would tend to diminish with hyperinflation so that consequent underestimates of efficiency would be greatest at FRC, thereby reducing the change in Eff di with decreasing L di ee . In our study, RMS di %max during tidal breathing at FRC was 1.9 times greater than that reported for healthy subjects by Sinderby et al. (53) . This difference is attributable to a lower respiratory rate and larger (1.8 times) VT in our subjects relative to those of Sinderby et al.
Implications
In our study, the decrease in Eff di with hyperinflation was due principally to a decrease in diaphragm length and was independent of modest inspiratory loading. These findings are consistent with the interdependence of force, velocity of shortening, length, and electrical activity of muscle (4, 11, 19) and suggest that measured Eff di reflects the contractile properties of diaphragm muscle. Additionally, the results suggest that other factors can affect in vivo measurements of Eff di . First, activity of expiratory muscles at end expiration, as in subject 5, can increase Eff di . To the extent that Ẇ di at a given level of activation and muscle length is approximately constant and independent of load (11), only passive recoil of the diaphragm would act to increase efficiency. However, this contribution could be modulated by the degree of relaxation of abdominal muscles during inspiration, perhaps explaining the variable increase in Eff di in subject 5. Second, a decrease in diaphragm mechanical advantage is suggested by the small decrease in Eff di with Pg ee in the four subjects in whom L di ee decreased with hyperinflation and Pg ee increased. Passive hyperinflation increases Pg and decreases the mechanical advantage of the diaphragm in dogs (68) . A decreased mechanical advantage would be expected to decrease Eff di because, at a given diaphragm length, mechanical advantage determines power output relative to diaphragm oxygen uptake (35) . Third, the efficiency of muscle in vitro decreases at low and high velocities of shortening (32) . In our study, mean diaphragm flow rate changed little with hyperinflation (Table 1) or loading and was not systematically related to Eff di . Thus, in our study, flowrelated changes in Eff di were not observed. Expiratory muscle activity at end expiration is not a usual response to continuous positive airway pressure in supine humans (65) but is usual with exercise (1), hypercapnia (65) , inspiratory loading (42), and chronic obstructive pulmonary disease (COPD) (46) . Its occurrence has the potential to increase Eff di relative to diaphragm length and confound interpretation of the measurement because, in this event, Eff di reflects both the contractile properties of the diaphragm and the work performed on the diaphragm by expiratory muscles. In these circumstances, a measurement of Eff di , which principally reflects contractile function relative to diaphragm length, could be obtained by incremental measurement during a continuous inspiration from relaxed FRC to near TLC.
The results are qualitatively in accord with previous human studies showing a reduced efficiency of respiratory muscles with increasing lung volume (20, 43) . Previous in vitro studies show a substantial, although variable, effect of muscle length on the efficiency or maximum power output of striated muscle segments during cyclical activation (4, 33, 38, 62) . The efficiency of frog and maximum power of rat ventricular muscle and of fast and slow skeletal muscles of mice decreased linearly by 54, 56, 39, and 32% of maximum, respectively, per 10% decrease in muscle length below 90% of the length at maximum isometric force. In our study, efficiency decreased by ϳ34% for each 10% decrease in diaphragm length. The similar effects of muscle shortening on efficiency or maximum power output in vitro and in the intact human diaphragm support the concept that diaphragm inspiratory power output relative to neural activation is an index of the efficiency of the diaphragm.
In emphysema with hyperinflation, we found that L di ee at FRC was ϳ25% less than in healthy controls (58) . The data from the present study (Fig. 6) suggest that a 25% decrease in L di ee would, in the absence of remodeling of the diaphragm (63), be associated with an ϳ80% decrease in Eff di and require an approximately fourfold increase in activation to maintain Ẇ di at normal levels ( Table 2 ). This finding is in general accord with previous results in subjects with COPD in whom RMS di %max during quiet breathing was approximately five times that in healthy subjects (53) . In COPD, during quiet breathing (24, 53) and progressive exercise (55) , diaphragm electrical activity is markedly increased, implying either decreased Eff di , or increased respiratory loads, or both. However, without measurement of the rate of ⌬Vdi and power output, the Eff di in COPD remains undefined.
Eff di was more closely correlated with diaphragm length and more accurate in defining changes of L di ee than diaphragm effectiveness (⌬Pdi mean ⅐RMS di Ϫ1 ). Although the differences were small and not significant with inspiratory loading (Table  2) , the results imply that assessment of diaphragm contractile function is incomplete without considering both the pressure developed by the diaphragm and its rate of ⌬Vdi. This conclusion differs from that of Beck et al. (6) , who showed no decrease in ⌬Pdi mean ⅐RMS di Ϫ1 with increasing inspiratory flows up to 1.4 l/s, suggesting no measurable effect of diaphragm velocity of shortening. However, the need to consider the rate of volume displacement is emphasized by the diaphragm pressure-velocity behavior during progressive exercise in healthy subjects (2) . In this latter study, ⌬Pdi increased less than twofold, whereas estimated velocity of diaphragm shortening increased more than sixfold between rest and exercise to 70% maximum workload. In this case, diaphragm effectiveness would underestimate efficiency by a factor of 6. Similarly, measured efficiency was more accurate than RMS di %max and ⌬Pdi mean ⅐TI in defining changes in L di ee , implying that indexes of diaphragm activation (24, 53) or of V O 2 di (29) provide a less complete assessment of diaphragm function than one which considers both power output and neural activation.
Measurement of Eff di should allow an estimate of the maximum power output and reserve capacity of the diaphragm in individuals. For example, in the four subjects in whom L di ee decreased with hyperinflation, mean RMS di %max was 67% (SD 6) at the shortest L di ee achieved without inspiratory loading. Assuming that efficiency does not change with power output, this finding implies a maximum power output reserve of the diaphragm of ϳ33% at diaphragm lengths commonly found in COPD.
In conclusion, the results of this study suggest that the power output of the diaphragm relative to the amount of electrical activity during tidal inspirations reflects the efficiency and Pearson's correlations are shown between measures of diaphragm function and Ldi ee for all subjects (n ϭ 5). Ẇ di/RMSdi, inspiratory diaphragm power output/amount of inspiratory diaphragm electromyogram (EMG); ⌬Pdimean/RMSdi, mean transdiaphragmatic pressure/amount of inspiratory diaphragm EMG; RMSdi%max, amount of inspiratory diaphragm EMG normalized to the maximum value obtained during inspirations to total lung capacity; ⌬Pdimean⅐TI, product of mean transdiaphragmatic pressure and inspiratory time. Measures of diaphragm function and Ldi ee were normalized by dividing the value obtained for each breath by the mean value at FRC in each subject. Accuracy of each measure of diaphragm function was calculated as the mean (SD) of the individual values. Under Accuracy, the P values define the significance of the difference from diaphragm efficiency (paired t-test).
contractile function of the human diaphragm. Expiratory muscle activity at end expiration can maintain diaphragm length near that at FRC, despite hyperinflation, and increase efficiency. However, this effect was variable, indicating that the interactions between activity of respiratory muscles, L di ee , and passive recoil of the diaphragm require systematic evaluation.
